Production of high-quality water is a vitally important ecosystem service in the largely semiarid interior Columbia River basin (ICRB). Communities, tribal governments, and various agencies are concerned about maintenance of this water supply for domestic, agricultural, industrial, recreational, and ecosystem uses.
Introduction
Production of high-quality water is a vitally important ecosystem service in the largely semiarid interior Columbia River basin (ICRB). Communities, tribes, and local, state, and federal agencies are concerned about maintenance of this water supply for domestic, agricultural, livestock, industrial, recreational, and ecosystem uses. A sufficient supply of high-quality water is also essential for an ongoing, analysis, with the goal of ensuring that the impaired water body will attain water quality standards (WDOE 2009 ).
In addition to pH, the Entiat River in the vicinity of the Entiat gage is also listed in the 2008 WDOE Water Quality Assessment as a "category 4B" impaired water body for water temperature. A category 4B listing recognizes a water quality problem that is being addressed by a pollution control program; therefore, a TMDL analysis is not required (WDOE 2009 ). An active program of distributed water temperature monitoring is being conducted in the Entiat and Mad Rivers by the U.S. The focus on salmonid restoration and concern over Clean Water Act listings make water quality a matter of particular interest to the Entiat Watershed Planning Unit (EWPU), tribes, agencies, and other interested parties (CCCD 2004 , NOAAFisheries 2009 ). This study was primarily motivated by discussions among EWPU members between summer 2005 and spring 2006 regarding the need for additional information on river pH in the Entiat subbasin. Primary objectives include defining the spatial and temporal extent of high pH values and identifying sections of river that may contribute to high pH. The scope is broad scale and exploratory in nature, although findings may lead to more focused and detailed investigations. Initial results are presented in this report. The value of these data sets will increase and conclusions will become more robust as the length of record increases.
pH
The effective concentration of dissolved hydrogen ions (H + ) is, for convenience, expressed as the logarithmic unit, "pH" where pH = -log (H + ). The hydrogen ion concentration reflects the acidity of an aqueous solution; therefore, most chemical and biochemical processes are affected by pH. The pH scale ranges from 0 (most acidic) to 14 (most basic). Acidic solutions have a pH less than 7.0, and basic solutions have a pH greater than 7.0. Magnitude of pH affects the solubility and biological availability of nutrients, such as nitrogen and phosphorus, and other components of a river's dissolved load, which may be harmful or beneficial to aquatic biota. A pH between about 6 and 9 is generally considered an ecologically acceptable range for freshwater aquatic organisms (Hem 1985 , Welch et al. 1998 . Excessively high or low pH can be directly detrimental to biota. Changes of 0.2 to 0.3 pH units can interact with temperature to significantly change the oxygen available for respiration, depending on the respiratory pigment used (hemoglobin in vertebrates and some arthropods, hemocyanin in some mollusks) (Withers 1992) . The WDOE specifies the pH range 6.5 to 8.5 as its acceptable criterion for aquatic life in fresh water, with additional limits on human-caused variation (WDOE 2009).
Water Temperature
Water temperature is a primary component of habitat for aquatic biota affecting chemical and biological processes, productivity, behavior, life history, and interspecies interactions. Temperature affects water chemistry by altering the rate of chemical reactions and affecting equilibria such as DO concentration (Hem 1985 , Welch et al. 1998 . The WDOE aquatic life water temperature criteria apply to the 7-day average of the daily maximum temperatures. Maximum temperature criteria in the Entiat watershed range from 12 to 17.5 °C depending on the local designated ("beneficial") water use category (WDOE 2009).
Dissolved Oxygen
Dissolved oxygen is supplied to stream water by photosynthesis during daylight hours and taken into solution from the atmosphere. It is consumed by respiration of aquatic organisms and by organic matter decomposition and other chemical processes. The DO content can also be reduced by influxes of deoxygenated groundwater (Hem 1985 , Welch et al. 1998 ). Warmer water temperatures reduce oxygen solubility and cause increased metabolic activity (growth, productivity, and respiration) and decomposition. This and the diurnal nature of photosynthesis result in large diurnal variation in DO concentration, which decreases at night, potentially to levels that are detrimental to certain fish species (Hem 1985 , Welch et al. 1998 , Williamson et al. 1997 . The WDOE minimum DO criterion for aquatic life in the Entiat watershed is either 8.0 or 9.5 mg/L depending on the local designated water use category (WDOE 2009).
Specific Conductivity
Conductivity, a measure of the ability of a material to carry an electrical current, is the inverse of resistance, which is commonly measured in ohms. 
Methods

Project Area
The Entiat River is located on the eastern slope of the central Cascade Mountains 
Site Selection
Following field reconnaissance and examination of drainage network maps, measurement sites were co-located with the existing network of stream gages.
This distribution was consistent with the USGS National Water Quality Assessment
Program approach of making intensive measurements at a few points that integrate critical drainage areas, rather than randomly selecting measurement sites. One water-quality instrument was deployed at each stream-gaging site (table 1, fig. 1 ).
Instruments were secured in the channel inside protective, 10-cm (4-inch)-diameter pipes or other robust enclosure. A 60-cm-long section of perforated pipe was attached to the primary pipe to ensure ample water circulation around the instrument sensors.
2 The use of trade names in this paper is for information and convenience of the reader.
Such use does not constitute an official endorsement by the U.S. Department of Agriculture of any product to the exclusion of others that may be suitable. 
Instrumentation
We employed In-Situ Troll 9500 2 multiparameter data-logging instruments with a separate sensor for each measured water-quality parameter. All sensors used an EPA-approved or -recommended methodology (table 2) . Four instruments were deployed during spring 2007 in the Entiat River subbasin and were programmed to record data at 15-minute intervals. Instruments were removed during winter (December through February) to avoid damage from river ice and redeployed the following spring as soon as ice conditions allowed.
Quality Assurance/Quality Control (QA/QC) Comparisons to a Reference Instrument
Following installation, instrument function and calibration were checked frequently for about 1 month. Following this initial period, instruments and batteries were inspected and data downloaded at 1-to 2-week intervals. During each site visit, a fifth instrument, calibrated before and after use, was used as a portable, hand-held reference for checking data from field instruments. Field-deployed sensors were recalibrated whenever deviation from reference data exceeded a predefined standard (table 3) . 
Calibration-
Instruments were designed to accommodate field calibration at ambient, onsite temperature, elevation, and barometric pressure, thereby improving accuracy of DO saturation measurements relative to calibration at an offsite lab. Because these instruments remained on site during calibration, interruption of data collection was minimized. All calibrations and testing were done using the manufacturer's software and specifications, thereby meeting or exceeding the manufacturer's QA/QC guidelines (http://www.in-situ.com).
pH-A two-point pH calibration was done using buffer solutions of pH 7 and 10, thereby spanning the expected range of pH in the Entiat and Mad Rivers. The reference sensor was calibrated in the lab before each day of field checks, and a onepoint pH 7 check was done at the end of the day. If this reading deviated from the standard by more than 0.2 pH units (the threshold deviation), then the reference readings for that day were not used. If the pH calibration parameters (slope, offset, and response) were outside the manufacturer's recommended range, then the sensor required maintenance or replacement.
Temperature-Temperature sensors were not designed for user calibration.
Therefore they were replaced if deviations from the reference sensor were not within standards.
Dissolved oxygen-Two-point DO calibrations were done at 100 percent and 0 saturation. One hundred percent saturation was obtained by bubbling air through deionized water. A solution of sodium sulfite provided 0 saturation. Following calibration, the reference sensor was checked in a 100-percent oxygen-saturated solution immediately before and after each cycle of reference checks. If measurements deviated from the standard by more than 10 percent, then the reference DO sensor was recalibrated in the field and the reference DO readings for that day were not used. An integrated barometer with vented cable improved the accuracy of DO calibration and the computation of percentage of oxygen saturation relative to nonvented designs by allowing the sensor to incorporate real-time barometric pressure into the calculations. In consideration of barometric pressure differences between laboratory and field sites, all DO sensors were calibrated in the field.
Specific conductivity-A one-point specific conductivity calibration was done using a 147-µS/cm standard. The reference sensor was calibrated in the lab before and after each field day. Conductivity readings before and after each calibration were compared to check sensor performance. If end-of-the-day values deviated by more than 5 µS/cm, then the reference conductivity readings for that day were not used. If the cell constant (K cell ) for the conductivity sensor fell outside the manufacturer's recommended range, then the sensor required maintenance or replacement.
Data Processing
Time series of instantaneous data measured at 15-minute intervals and longer term means or medians (pH) were examined to investigate temporal trends and the timing and longevity of water quality extremes. Spatial variation was interpreted by comparing results across the array of instrumented sites. Particular scrutiny was applied to data that included extreme outliers, erratic fluctuations, or extreme variability relative to surrounding data. These cases occurred as a result of ice effects, biofouling, or other factors. Data determined to be unreliable were treated as missing, and not included in reporting or analyses. However, data corrected for ordinary instrument drift, as determined through reference tests and field calibrations, were considered valid, first-quality data following Carroll et al. (2006) . All data, regardless of designations or adjustments, were recorded by category in the database along with notes regarding reference checks, calibrations, unreliable data, or other relevant issues.
Reconnaissance Data Collection
Apparent initial trends in water quality prompted additional reconnaissance-level measurements to begin to define the spatial scope of changes occurring between gages. In August 2007, we began taking point measurements between the Entiat and Ardenvoir gages at approximately 2-week intervals. We used the hand-held reference instrument discussed previously for these measurements taken in sequence at 6.8, 10.6, 14.0, and 16.8 river miles (RM) (11, 17, 22.5, and 27 km) from the mouth of the Entiat River. Seventeeen to 19 measurements were taken at each location.
Throughout this report, we indicate river location in miles, rather than kilometers, to be consistent with the commonly-used USGS topographic maps.
Large-scale, spatial trends in the Mad River were also of interest, not only because of high pH in the Mad River itself, but because of its potential influence on
Entiat River water quality. We therefore conducted a survey of point measurements in the Mad River, as described previously for the Entiat, on September 9 and 10,
2008, a period when pH is commonly high. The Mad River survey was done on foot, requiring several hours spanning a 2-day period to complete. For this reason, pH values were corrected for diurnal change as measured at the Mad River gage from the time of the first point measurement of the day to the time of each subsequent measurement.
Periphyton Biomass Measurements
A well-known mechanism that can contribute to elevated pH in rivers is photosynthesis by periphyton (attached algae and other micro-and macro-organisms) (Welch et al. 1998) . As a preliminary test of this hypothetical linkage in the Entiat and Mad Rivers, we sampled substrate periphyton within a few meters of the Entiat, Mad, and Ardenvoir gage sites in spring (April 29), summer (July 16), and fall (October 1) of 2008. For all sampling occasions and sites, five randomly selected cobbles were removed from a riffle section and sampled for periphyton. Water depths were 1 m or less. All sites were exposed to direct or canopy-filtered sunlight for several hours each day. The sampling apparatus scraped all periphyton from a 5-cm 2 area. Consistent and thorough sampling was ensured by scrubbing each cobble sample area three times for 30 seconds each time, followed by a deionized water rinse between each scrub. Representative subsamples were separated from each periphyton sample for gravimetric ash-free dry mass determination, using the method of Steinman and Lamberti (1996) . Subsamples were dried to a constant weight, then oxidized in a muffle furnace and reweighed. The resulting subsample weight loss was multiplied by the sample-to-subsample mass ratio to determine ash-free dry mass of the original sample. fig. 2 ).
Results
pH
Following the snowmelt peak runoff period, median daily pH tended to be higher at the Mad River gage than at the Entiat gage, and pH tended to be higher at the Entiat gage in the spring than during the summer-fall period. At the other gages, median daily pH before the spring snowmelt differed little from that afterward, despite higher summer and fall water temperatures (table 4, fig. 2 ). River below the Mad River confluence. The measured trend in biomass was consistent with the hypothesized correlation between pH and periphyton productivity. At both the Entiat and Mad River gages, measured periphyton biomass was at a maximum in the spring before the annual snowmelt-generated peak flow and at a minimum in July following the peak discharge and related scouring of periphyton. By the fall, biomass appeared to be recovering from the effects of spring runoff scour (table 5) . At the Ardenvoir gage, periphyton biomass was not measurably affected by the spring high flow. Biomass at Ardenvoir may have been too low initially to be effectively measured by this method (table 5) . Sample sizes in this reconnaissance survey were insufficient for inferential statistical analysis, so no firm conclusions can be drawn from the data collected to date. Temperature at the Ardenvoir gage tended to be similar to that at the Mad River gage, although the rapid summertime temperature increase began earlier in the Mad River. In the summer and early fall, instantaneous maxima varied between 15 and 20 °C at both locations. At all sites, temperatures began to decrease in late August or early September, and fell to nearly 0 °C by December. Temperature was consistently lowest at North Fork, the farthest upstream gage (table 4, fig. 8 ).
Dissolved Oxygen
Dissolved oxygen concentration is inversely related to water temperature. Accordingly, at all measurement sites the lowest concentrations were measured during the period from July through September, the months with highest water temperature and high biologic respiration. Instantaneous concentrations below 8 mg/L were unusual and were measured only at the Entiat gage. At all other sites, the instantaneous minima were between 8 and 9 mg/L, although values less than 9 mg/L were rare at the North Fork gage. Maximum instantaneous concentrations were between 13.5 and 15 mg/L at all sites. These occurred during the period from late October through April, coinciding with low water temperatures.
Mean daily DO less than 9 mg/L was unusual, but occurred at all sites other 
Specific Conductivity
As with pH, specific conductivity (SC) decreased sharply during the annual snowmelt-generated high-flow period. Accordingly, the lowest instantaneous and can be readily delivered to surface water when bound to mobile soil particles (Fuhrer et al. 2004 , Welch et al. 1998 , Williamson et al. 1997 ).
Methods of reducing nutrient enrichment include control of contaminant sources and enhancement of nitrogen-fixing riparian vegetation. Periphyton biomass can be reduced by substrate disruption and scour during high flows, especially flows with high loads of entrained sediment (Fuhrer et al. 2004 , Welch et al. 1998 ).
Invertebrate grazing is another important control of periphyton that interacts with nutrient availability in complex ways. Therefore, control of insecticide contamination and maintenance of high-quality invertebrate habitat can be important methods of limiting periphyton biomass (Fuhrer et al. 2004 , Murphy 1998 , Welch et al. 1998 ). Ratios of total persulfate nitrogen to total phosphorus in this same data set range from 6.9 to 68.4 (WDOE 2009).
Periphyton biomass can respond strongly to small concentrations of nutrients, depending on water temperature and velocity, solar radiation, invertebrate grazing, and other factors; therefore, streams with low phosphorus concentrations can be very sensitive to enrichment (Murphy 1998 , Welch et al. 1998 Therefore, despite relatively low measured nutrient concentrations, further investigations will be required to fully assess the effects of nutrients on periphyton productivity and pH in the Entiat subbasin.
Geology can be an important factor influencing river pH. In the Entiat valley, accumulation of till, glacial outwash, and other alluvium creates a valley-bottom aquifer (Dixon 2003) . This aquifer creates a setting for shallow groundwater to interact chemically with the large mineral surface area present in fragmented till and outwash. Newton et al. (1987) found that groundwater pH increased substantially after exposure to a similar geologic setting in the Adirondack Mountains. In the Mad River valley, no till is mapped farther down valley than approximately RM 20 (Dragovich et al. 2002 , Tabor et al. 1987 . However, Faux and Archibald (2002) noted deep glacial till in the Mad River valley bottom as far down river as Cougar
Creek (approximately RM 15). This lower elevation limit of till distribution approximately coincides with the marked decline in rate of pH increase we measured from RM 15.0 to RM 12.5 ( fig. 7 ). These and other geologic characteristics of the Entiat subbasin may warrant further investigation with respect to effects on pH, although future studies would need to consider confounding land use effects.
Bedrock characteristics in the Entiat subbasin may provide other opportunities for enhanced chemical interactions with groundwater that affect pH. These characteristics include prominent bedrock fractures in the dominant intrusive igneous and high-grade metamorphic rocks (Dragovich et al. 2002 , Tabor et al. 1987 . These fractures can act as storage zones and groundwater pathways. In the Mad River watershed, much of the river closely follows the contact between the Entiat pluton and the high-grade metamorphic rocks of the Mad River terrane (Dragovich et al. 2002 , Tabor et al. 1987 . If bedrock has been altered by contact metamorphism or fracturing along this zone, then chemical interaction between bedrock and groundwater may be enhanced, potentially affecting pH. The spatial scale of our data collection did not reveal consistent relations between pH and subbasin geology as currently mapped. Possible effects of geology on water quality will remain hypothetical until more detailed investigations are done.
Wildfire is one of the major disturbance processes affecting the Entiat subbasin;
however, consistent relations between mapped fire intensity (USDA FS 2009) and river pH are not apparent. For example, in the Mad River, rapid increase in pH from RM 12.5 to 9.0 correlates with a zone of high-intensity 1994 wildfire on the west side of the valley. However, similar correlations elsewhere in the subbasin are lacking. For example in the Entiat valley, areas of high and moderate 1994 fire intensity have no apparent effect on river pH between the North Fork gage and RM 16.8.
Wildfire, geology, soils, periphyton photosynthesis, and land use effects, both current and historical, all play a role in river pH in the Entiat subbasin. A thorough examination of the contribution of each of these factors will require additional investigations beginning with more detailed surveys to identify specific sources of high-or low-pH water. In addition, more intensive measurements of periphyton biomass would allow more conclusive testing of linkages to river pH. For example, analyses of chlorophyll-a dry mass in periphyton samples would further refine determination of functional algal biomass (McCutcheon et al. 1993, Steinman and Lamberti 1996) . Similarly, more detailed measurements of the spatial and temporal distribution of nutrients would help define controls on periphyton productivity.
This report summarizes results from the first 2 years of a trial approach to subbasin-scale status and trend monitoring of fundamental water quality parameters important to salmon recovery in the ICRB. This approach has clear advantages over the commonly employed federal Clean Water Act compliance monitoring, which is generally conducted at much lower spatial and temporal intensity. Spatially distributed measurements at points that integrate critical drainage areas within the subbasin allow inferences to be made regarding the source and distribution of water quality extremes. This allows investigators to efficiently locate more intensive measurement programs that may be needed. Measuring variation in water quality parameters at frequencies of 1 hour or less allows temporal trends and cycles to be identified that clarify the duration and severity of extreme values. This temporal intensity of measurement can be a great aid in identifying potential causes and mechanisms of problems and relationships to other factors such as river discharge, temperature, solar exposure, or seasonality. This study further demonstrates that water quality monitoring of this intensity is logistically and economically feasible as part of the broader salmon recovery monitoring program in the ICRB. 
